ABSTRACT: It has been suggested that Bragg reflection, the combined coherent wave reflection from a few low-lying shore-parallel bars, might be used to protect a beach against storm-wave attack. Numerical models are used to examine two issues relating to the feasibility of this concept: the degree of erosion protection provided by reflecting a portion of the incident wave energy, and the degree of wave reflection that can be generated by a bar field of varying geometry. The results show that a Bragg-reflection bar field must reflect about one-quarter of the incident wave energy to provide a significant measure of storm erosion protection. Bar fields with uniform spacing are capable of producing the required magnitude of wave reflection, but lack sufficient bandwidth. Bandwidth can be increased by staggering the spacings between bars, however, this produces a concurrent decrease in wave-reflection magnitude. Bragg-reflection bar fields appear capable of providing a limited measure of storm erosion protection along U.S. Gulf Coast and Atlantic Coast beaches, but their bandwidth may be too limited for use along Pacific Coast beaches.
INTRODUCTION
suggested that the combined action of a few low-lying shoreparallel bars could reflect a significant portion of the incident wave energy, thus protecting the beach behind the bars. This phenomenon, dubbed Bragg reflection after a similar phenomenon in optics, has received considerable attention in the recent literature. Theoretical and laboratory studies have shown that wave energy can indeed be reflected by a Bragg-reflection bar field; however, the following question remains: is it practical to use Bragg reflection to protect a beach against storm wave attack? There are many issues beyond mere reflection that have a bearing on this question.
For Bragg reflection to be a useful shore-protection method, a bar field must be relatively simple to construct, it must produce a significant degree of erosion protection, and it must be adaptable to a wide range of wave and beach conditions. Bailard et al. (1990) addressed elements of the first issue. This paper addresses elements of the second and third issues via application of two numerical beach-profile response models and a numerical wave-reflection model.
BACKGROUND
In a series of three papers, Davies (1980 Davies ( , 1982a Davies ( , 1982b considered the two-dimensional interaction between surface waves and a fixed pattern of undulations on the seabed. Each undulation reflects a small amount of wave energy, with the combined reflection from a series of undulations being either coherent or destructive, depending on the phase relationship. The latter is a function of the ratio of the surface wavelength to the spacing between bed undulations. Davies found that the coefficient of wave reflection was oscillatory with respect to the wavelength-to-spacing ratio. He also found that a resonant condition occurred when the surface wavelength was exactly twice the spacing of the bed undulations. Thus, it appeared that for certain wave conditions, a few shore-parallel bars might reflect a substantial portion of the incident wave energy.
In support of these findings, a series of laboratory experiments (Heathershaw 1982; Davies and Heathershaw 1984) were undertaken to measure the reflection of monochromatic waves from a series of sinusoidal bed undulations. The results confirmed Davies's theoretical predictions for all but the resonant condition. Mei (1985) developed an alternate theory that applied to the resonant reflection condition. Later, Hara and Mei (1987) extended this work to include the nonresonant case as well. In the meantime, Kirby (1986) developed a general wave-equation solution that was applicable to both resonant and nonresonant conditions.
Directional Waves and Sloping Bottom
Most of the work on Bragg reflection has been done in two dimensions using normally incident, monochromatic waves. The issue of nonnormal incidence was briefly addressed, in theory, by Mei (1985) . His results indicated that, relative to the normally incident case, the effective bar spacing was increased by an amount proportional to the divergence of the incidentwave angle.
The effect of beach slope on the Bragg-reflection process was considered by both Mei (1985) and Kirby (1986) . Both found that a sloping bed had the effect of altering the ratio of the local wavelength to the spacing between bed undulations. By varying the spacings between undulations to account for the local change in wavelength, results were obtained that were identical to the constant depth case.
Nonsinusoidal Undulations
A sinusoid is not a practical shape for an artificial Bragg-reflection bar field. Kirby (1987) and Mei et al. (1988) suggested that reflection from nonsinusoidal undulations could be calculated by expanding the shape function of the bar field as a Fourier series. Kirby and Anton (1990) developed an extension to the nonresonant interaction theory of Davies and Heathershaw (1984) that allowed calculation of wave reflection from the individual Fourier components of the bottom undulations. A series of laboratory experiments were conducted to verify their theoretical results. They found that for a series of smooth humps on an otherwise flat bottom, the peak reflection was reduced slightly relative to an equivalent sinusoidal bottom.
These studies provide the groundwork for consideration of Bragg reflection as a shore-protection alternative. Bragg reflection appears to be a workable concept in theory and in the laboratory, but is it a reasonable means to protect a natural beach?
PERFORMANCE CRITERIA
Laboratory studies have shown that a Bragg-reflection bar field will modify the incident-wave field, triggering a process leading to the formation of a tombolo behind the bar field (Kirby and Anton 1990) . The process begins with the bar field reflecting a portion of the incident-wave energy, The resulting wave sheltering produces a long shore gradient in the wave-driven radiation stress, causing lateral inflows behind the bar field and a seawardflowing rip current at its center. Laboratory experiments have suggested qualitatively that this circulation cell will cause sand to accumulate behind the bar field, leading to the formation of a tombolo.
It can be hypothesized that a Bragg-reflection bar field will protect a beach against storm-wave attack in three ways: by reducing the volume of sand eroded during the storm as a result of wave sheltering; by providing additional sand volume available for erosion via formation of a tombolo; and by restricting the loss of sand offshore via formation of a perched beach. This paper deals with only the first protective mechanism; however, it should be noted that the other two mechanisms may have a significant bearing on the ultimate feasibility of the Bragg-reflection bar concept.
Beach Erosion Protection
The effect of a Bragg-reflection bar field in reducing the volume of sand eroded from a beach by storm waves was investigated using two numerical beach-profile response models. The first model was developed by Kriebel (1982) and subsequently included in the Automated Coastal Engineering System (1989), published by the U.S. Army Engineers Coastal Engineering Research Center. The model is based on the assumption that the beach profile evolves towards a shape having a uniform distribution of wave-energy dissipation. In general, the model has been shown to do a good job of predicting erosion, but a poorer job of predicting accretion (Kriebel 1986; Birkemeier et al. 1987) .
The second beach-profile response model was developed by DeVries and Bailard (1988) . The model is based on Bagnold's (1963) energetics sedimenttransport concepts, as generalized by Bailard (1981) . Although its principal use has been as a research tool for understanding cross-shore sedimenttransport processes, the model has been found to exhibit realistic erosion and accretion behavior (Bailard 1985) .
These models were used to predict the volume of sand eroded from an initially planar beach during an idealized two-day storm (see Fig. 1 ). For simplicity, it was assumed that the sole effect of the Bragg-reflection bar field was to reduce the incident-wave height. The transmitted-wave height behind the bar field was related to the incident-wave height by a reflection coefficient, K r , defined as
where H, = transmitted-wave height; and H t •= incident-wave height. Baseline conditions (i.e., no bar field present) were computed using a wavereflection coefficient equal to zero. Storm erosion volumes were computed for a range of sediment sizes, initial beach slopes, incident-wave heights, wave periods, and wavereflection coefficients (see Tables 1 and 2 ). The response of the beach was computed in terms of a normalized erosion volume, V", defined as where V r = erosion volume with wave reflection (i.e., with a bar field present); and V Q = erosion volume without wave reflection (i.e., baseline conditions).
For both beach-profile response models, the normalized erosion volume was found to be a strong function of the reflection coefficient and a weaker function of the sediment-grain size, the near-shore beach slope and the incident-wave height. The incident-wave period was found to have a negligible effect on the normalized erosion volume. Fig. 2 shows a plot of the predicted normalized erosion volume as a function of the wave-reflection coefficient. Due to the weak dependency of the erosion volume on the sediment grain size, beach slope, and incident wave height, there was considerable scatter in the predicted erosion volumes for each model. To simplify interpretation, only the average and extreme values from each model were plotted in Fig. 2 . For both models, averaging was done over all cases producing erosion of the beach.
Reflection Bandwidth
A Bragg-reflection bar field will typically reflect wave energy over a relatively narrow range of wave periods. To be an effective shore-protection device, a bar field must reflect wave energy over the full range of stormwave periods anticipated at a given beach. A survey was made of typical wave climates along three U.S. coastlines to determine the required bandwidths for potential Bragg-reflection bar fields. Utilizing data from Thompson (1977) and Jensen (1983) , wave periods were noted for past storms having a recurrence interval of 2 years or less. Table 3 
REFLECTION PERFORMANCE
In assessing the anticipated performance of a Bragg-reflection bar field, a few practical limits were placed upon its configuration. First, it was as- sumed that the bar-height-to-water-depth ratio, B/h, could not exceed 0.5. Beyond this value, the bars begin to look more like submerged breakwaters than undulations on the seafloor. Second, it was assumed that a bar field could include no more than 9 bars. Even with this limitation, seaward bars tend to become large on beaches having moderate slopes (for constant B/h ratio). Finally, it was assumed that the bar field resided in shallow water. This last assumption ensures that the wave-reflection characteristics of the bar field are solely functions of the bar height-to-depth ratio, B/h, the bar width-to-spacing ratio, W/L, and the total number of bars.
Uniform Bar Spacing
The reflection characteristics of Bragg-reflection bar fields having a uniform spacing between bar elements were investigated using Kirby's (1987) numerical wave-reflection model. For simplicity, constant depth was assumed, however, the same results could have been obtained by adjusting the bar spacing to account for wave shoaling on a sloping bottom.
Referring to Fig. 3 , the bar field consisted of cosine-shaped bumps on an otherwise flat bed such that the shape of the bottom, z(x), can be described as:
where B = bar height; W = bar width; L = bar spacing; and n = number of the bar element.
Wave-reflection properties were estimated for three different Braggreflection bar fields over a range of bar height-to-depth ratios (B/h) and bar width-to-bar spacing ratios (W/L). Results were computed for bar fields consisting of three, five, and nine elements. Fig. 4 is a plot of the normalized reflection bandwidth as a function of the ratios B/h and W/L for each bar field. The normalized bandwidth was defined as the width of the principal wave-reflection peak (in s) at the halfvalue of the peak reflection coefficient, divided by the central wave period (see Fig. 5 ). Fig. 6 is a plot of the effective wave-reflection coefficient as a function of the ratios B/h and W/L for each bar field. The effective wave-reflection coefficient was defined as the average value of the reflection coefficient over the bandwidth of the principal reflection peak (see Fig. 7 ).
Staggered Bar Spacing
Bragg-reflection bar fields with uniform bar spacings have relatively narrow bandwidths (0.1 < BW/T 0 < 0.5). These bandwidths are less than the normalized bandwidths of frequently occurring storms on most U.S. beaches (0.7-1.0), thus limiting the utility of a uniformly spaced bar field. It is possible, however, to alter the bandwidth of a Bragg-reflection bar field by staggering the spacings between bar elements. Kirby (1987) briefly considered the idea of staggered bar spacings and found that the bandwidth of a Bragg-reflection bar field could be increased, but only at the expense of reducing the wave-reflection coefficient. In the present study this concept was further explored by systematically varying the spacing geometry of three Bragg-reflection bar fields.
Effective wave-reflection coefficients and reflection bandwidths were calculated for three-, five-, and nine-element bar fields having constant B/h and W/L ratios of 0.3 and 0.4, respectively. The geometries of the bar fields were varied, as shown in Fig. 8 , by applying a stretching parameter, A, defined as follows: 
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FIG. 8. Definition Diagram for Staggered Spaced Bar Geometries
where L' = the local staggered bar spacing; and L = the equivalent uniform bar spacing defined as the overall width of the bar field divided by the number of bar spaces. Fig. 9 shows a plot of the predicted bandwidths for each bar field as a function of the stretching parameter, A. Fig. 10 shows a plot of the predicted wave-reflection coefficient for each bar field as a function of the stretching parameter. In both figures, the predicted bandwidths and wave-reflection Alternative staggered bar geometries were also evaluated, however, the best results were quantitatively similar to those in Figs. 9 and 10. Similarly, the ratio B/h was found to have a relatively small influence on these results.
COMMENT
The aforementioned results suggest that a Bragg-reflection bar field reduces storm erosion approximately in proportion to the percentage of wave energy that it reflects. Referring to Fig. 2 , a bar field having a modest wavereflection coefficient of 0.2 will reduce the predicted storm erosion volume by about 4%. Similarly, a bar field having a wave-reflection coefficient of 0.5 will reduce the predicted storm erosion volume by about 25%. Consequently, as a guideline, it appears that a Bragg-reflection bar field must produce a wave-reflection coefficient of about 0.5 in order to be an effective shore-protection device.
Referring to Figs. 4 and 6, Bragg-reflection bar fields having uniformly spaced bar elements are capable of producing the desired level of wave reflection (K r = 0.5), but lack sufficient bandwidth for practical application. Bar fields having a small number of elements have a wide (although insufficient) bandwidth, but a modest level of wave reflection. Bar fields having a large number of elements have a high level of wave reflection, but very narrow bandwidths.
To be of practical use along U.S. coastlines, a Bragg-reflection bar field must have a dimensionless bandwidth of at least 0.7. Fig. 4 indicates that the maximum bandwidths produced by the uniformly spaced Braggreflection bar fields range from a high of 0.45 (3 bars) to a low of 0.20 (9 bars). These bandwidths can be significantly increased by staggering the spacing between bar elements (see Fig. 9 ), but this also decreases the wavereflection magnitudes (see Fig. 10 ).
Assuming that data in Figs. 9 and 10 can be applied to Blh ratios between 0.1 and 0.5, and WIL ratios between 0.3 and 0.9 (spot checks indicate that this is approximately true), maximum bandwidths and wave-reflection coefficients were estimated for staggered bar fields consisting of three, five, and nine elements. Referring to Table 4 , it was found that minimally acceptable performance (i.e., a wave-reflection coefficient of 0.5 and a normalized bandwidth of 0.7) was just possible using a nine-element staggered bar field having a Blh ratio of 0.5, a WIL ratio of 0.6, and a A-value of 0.07.
These findings suggest that a Bragg-reflection bar field may have some potential as a shore-protection device for Gulf Coast and Atlantic Coast beaches, but little potential for Pacific Coast beaches. Considering just the effects of two-dimensional wave sheltering, the number and size of the bar elements required to produce a significant level of storm erosion protection will make construction of a Bragg-reflection bar field a significant undertaking. The difficulty and expense of constructing an effective Braggreflection breakwater could easily approach that of a conventional detached breakwater, however, the latter has greater bandwidth and wave-reflection capabilities.
The foregoing findings are based on a consideration of simple twodimensional wave sheltering. Other mechanisms that may provide additional erosion protection include: the formation of a tombolo behind the bar field, and the formation of a perched beach. The tombolo would provide additional sand to the beach profile, thus reducing the magnitude of the induced shoreline retreat. The perched beach may result from the retention of eroded 'Calculated assuming K r = 0.5.
sand against the shoreward bar element, limiting the induced shoreline retreat.
CONCLUSIONS
Bragg-reflection bar fields appear capable of providing a limited measure of storm-erosion protection on Gulf Coast and Atlantic Coast beaches. Sufficient bandwidth can be obtained by staggering the spacing between bar elements; however, adequate levels of wave reflection will require more than just a few low-lying bars.
Numerical model results indicate that a staggered nine-element bar field is necessary to provide a 25% reduction in storm erosion volume for Gulf Coast and Atlantic Coast beaches. To produce this measure of protection, the bar elements must have a height of approximately half the local water depth. The difficulty in constructing a bar field with this number of large bar elements suggests that the Bragg-reflection bar concept may not be practical for most beaches.
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